We have observed chaotic fluctuations in the transmitted intensities of laser beams counterpropagating in Freon-113 (C 2 Cl 3 F 3 ). As the input intensities are increased, the system enters the chaotic regime by means of the period-doubling route, in accordance with theoretical predictions.
Also, the occurrence of these instabilities demonstrates that a conceptually simple nonlinear-optical interaction can exhibit complicated dynamical behavior. Silberberg and Bar-Joseph' first predicted that, for input intensities above a certain threshold value, the amplitudes of counterpropagating fields in a nonlinear Kerr medium can become temporally unstable. These instabilities can display chaotic behavior as the input intensities are increased. Similar behavior is predicted for interactions within a collection of two-level atoms, 2 and oscillatory instabilities were observed by Khitrova et al. 3 in atomic sodium vapor. Gaeta et al. 4 showed that, when the tensor nature of the Kerr nonlinearity is considered, the polarizations of the counterpropagating waves can become chaotic. This behavior was observed experimentally by Gauthier et al. 5 The transverse profiles of counterpropagating laser beams in Kerr media are also predicted to exhibit temporally instabilities, 6 and these instabilities were observed in the form of conical emission by Grynberg et al. 7 Laser beams counterpropagating through a Brillouinactive medium are also predicted to exhibit a wide range of dynamical behavior."' 0 The intensities necessary for observation of temporal instabilities with counterpropagating waves can be several times lower than the threshold intensity for normal, single-beam stimulated Brillouin scattering (SBS). For the case in which the ratio of the Brillouin linewidth r to the Brillouin frequency shift Q is less than 0.3, the temporal evolution of the system in the instability regime does not undergo chaotic evolution but exhibits oscillations at a frequencies close to the Brillouin frequency. This oscillatory behavior was observed" in carbon disulfide, for which the value of r/fl is approximately equal to 0.01. However, for Brillouin media that possess a broad Brillouin linewidth it has been predicted that the system will display a period-doubling route to chaos as the input intensities are increased. 9 The experimental apparatus is shown schematically in Fig. 1 . A frequency-doubled Nd:YAG laser, operating in a single transverse and a single longitudinal mode, generates pulses that are -25 ns in duration (FWHM) with a repetition rate of 10 Hz. Each pulse is split into two beams of nominally equal energy by a thin-film polarizer. After the plane of polarization of one of the beams is rotated such that the two beams have parallel polarization, the beams are focused from opposite sides into a cell containing Freon-113 (C 2 Cl 3 F 3 ) at room temperature. Each beam is focused by a 15-cm-focal-length lens, and care is taken to ensure that the beams are counterpropagating and overlap completely within the cell. An uncoated glass wedge reflects a portion of one of the transmitted beams for observation. In our geometry the threshold for single-beam SBS is measured to be -1.4 mJ. (All energy measurements are accurate to ±20% absolute and to +5% relative.) The temporal evolution of the pulse is observed by using a streak camera with a 2-ps resolution, and spectral data are obtained by using a Fabry-Perot interferometer with a free spectral range of 0.2 cm-'. The measured values of /27r and fl/27r for Freon-113 at a wavelength of A = 0.53 gm are found to be 870 MHz and 2.4 GHz, respectively. These values yield a value of 0.35 for the ratio F/fl, which is larger than the minimum value of 0.3 that theoretical analysis predicts to be necessary for observing chaos.
The temporal evolution of the power of one of the transmitted beams is shown in Fig. 2 for various input pulse energies. In each case a 2-ns window surrounding the peak of the laser pulse is shown. For an input energy of 0.7 mJ [ Fig. 2(a) ] the output is seen to oscillate with a period (T = 310 ps) that is shorter than the period associated with the Brillouin frequency (TB = 0-1 = 412 ps). This shift is in agreement with the theoretical prediction that the frequency at which the instability grows most rapidly can be pulled to a frequency that is larger than the Brillouin frequency of the medium. Note that the threshold energy (0.7 mJ) for the onset of the temporal instability shown in Fig. 2(a) have a focal length of 15 cm.
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To 0 P, frequency (GHz) of the one of the transmitted beams in Both Stokes and anti-Stokes radiation are the threshold energy for the occurrence of single-beam SBS. For a measured input energy of 1 mJ the output is seen to oscillate with a period twice the period shown in Fig. 2(a) . At higher input energies [ Fig. 2(c) ] the output becomes highly erratic. The observation of a perioddoubling sequence in Figs. 2(a) and 2(b) suggests that the observed temporal evolution in Fig. 2(c) is chaotic. However, as a result of the relatively short time series that is obtained from a single laser pulse, determination of the Kolmogorov-Renyi entropy' 2 is not possible. Figure 3 shows a typical spectrum of the transmitted beam in the chaotic regime. The spectrum is seen to contain a component at the incident laser frequency, a Stokes component, and an anti-Stokes component. The appearance of the anti-Stokes component is in agreement with theoretical predictions. 9 The anti-Stokes component of the wave traveling in one direction is driven by the fourwave mixing process that involves the Stokes component of the wave traveling in the opposite direction and each of the counterpropagating pump waves. On the Stokes side of the laser frequency the light contains a strong component that is separated from the laser frequency by 3.0 GHz. A weaker component at the Brillouin frequency (2.4 GHz) is also present, and we believe that it is due to the occurrence of normal, single-beam SBS in a region just outside the focal volume.
We have also investigated the dynamical behavior for the case in which the beams are cross polarized. The threshold for instability is found to be the same as for the case in which the beams are polarized parallel to one another. However, in the regime of instability chaotic behavior is not observed, and the output oscillates with a period that is close to the Brillouin period. This behavior suggests that the distributed feedback from the nonlinear index grating associated with the standing-wave pattern between the counterpropagating beams 9 is critical to the dynamics of the system.
In conclusion, we have demonstrated that the transmitted intensities of counterpropagating beams in a Brillouin-active medium can exhibit chaotic behavior by means of a period-doubling route. These results, along with the observation of an anti-Stokes component in the transmitted spectrum, are in good agreement with the theoretical predictions.
